During the initial stage of infection, Legionella pneumophila secretes effectors that promote the fusion of endoplasmic reticulum (ER)-derived vesicles with the Legionella-containing vacuole (LCV). This fusion leads to a remodeling of the plasma membrane (PM)-derived LCV into a specialized ER-like compartment that supports bacterial replication. Although the effector DrrA has been shown to activate the small GTPase Rab1, it remains unclear how DrrA promotes the tethering of host vesicles with the LCV. Here, we show that Sec5, Sec15, and perhaps Sec6, which are subunits of the exocyst that functions in the tethering of exocytic vesicles with the PM, are required for DrrA-mediated, ER-derived vesicle recruitment to the PM-derived LCV. These exocyst components were found to interact specifically with a complex containing DrrA, and the loss of Sec5 or Sec15 significantly suppressed the recruitment of ER-derived vesicles to the LCV and inhibited intracellular replication of Legionella. Importantly, Sec15 is recruited to the LCV, and Rab1 activation is necessary for this recruitment.
Introduction
Legionella pneumophila is an intracellular pathogen that subverts host membrane transport processes to create a specialized organelle that supports replication (Roy and Tilney, 2002) . In nature, these bacteria replicate inside protozoan hosts, but when inhaled by humans, Legionella can replicate inside alveolar macrophages (Horwitz and Silverstein, 1980; Rowbotham, 1980) . The cell biology of the vacuole biogenesis is conserved in these evolutionarily distinct hosts. After internalization, the pathogen-occupied vacuole avoids delivery to a late endosome-lysosome compartment (Horwitz, 1983) . The plasma membrane (PM)derived vacuole intimately associates with ER-derived vesicles that ultimately tether and fuse with the Legionella-containing vacuole (LCV; Tilney et al., 2001) . As a result of this membrane remodeling, the LCV membrane is converted into an organelle that has similarities to an ER-Golgi intermediate compartment (ERG IC) , which can fuse with the ER to create a vacuole that supports bacterial replication .
To promote infection and replication, Legionella delivers roughly three hundred different bacterial proteins into the host cell cytosol using a type IV secretion system called the Dot/Icm, and these bacterial effectors modulate several host cell processes to promote intracellular replication (Nagai et al., 2002; Luo and Isberg, 2004; de Felipe et al., 2008; Hubber and Roy, 2010; Finsel and Hilbi, 2015) . One effector that is involved in the recruitment of ER-derived vesicles to the LCV is DrrA (SidM), which is localized on the PM via its C-terminal phosphatidylinositol 4-phosphate (PI4P)-binding site and is a guanine nucleotide exchange factor (GEF) that activates the host GTPase Rab1 (Machner and Isberg, 2006; Murata et al., 2006; Brombacher et al., 2009 ). DrrA-mediated activation of Rab1 is sufficient to mediate the recruitment and fusion of host ER-derived vesicles with a PM-derived organelle (Arasaki et al., 2012) ; however, the tethering mechanism that underlies this association remains unclear. Our previous studies suggested that activated Rab1 on the PM-derived organelle recruits an unidentified host tethering factor that mediates the intimate association of ER-derived vesicles with the PM and promotes fusion by a SNA RE-mediated process (Arasaki and Roy, 2010; Arasaki et al., 2012) . Given that the exocyst is implicated in tethering vesicles to the PM, we hypothesized that it may be needed by Legionella to remodel the LCV. The exocyst is composed of eight evolutionally conserved subunits consisting of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84, and this complex functions as a tether that mediates fusion between the exocytic vesicles and the PM (Orlando and Guo, 2009) . Although exocyst subunits are fully assembled in yeast (Heider et al., 2016) , subcomplexes appear to be present in other organisms including mammals (Moskalenko et al., 2003; Bodemann et al., 2011) and Drosophila melanogaster Mehta et al., 2005) . Here, we present evidence that some components of the exocyst are used by Legionella to achieve noncanonical fusion of ER-derived vesicles with the PM-derived vacuole.
Results and discussion
Several exocyst components are important for DrrA-mediated recruitment of ER-derived vesicles to the PM To examine the possibility that a PM tether is responsible for the DrrA-Rab1-mediated association of ER-derived vesicles with the PM, we performed a vesicle recruitment assay that we established in our previous work (Arasaki et al., 2012) . In this assay, digitonin-permeabilized cells expressing GFP-DrrA 61-647 or untransfected cells incubated with recombinant His 6 -DrrA were prepared as "acceptor cells." The acceptor cells were then incubated with GTP and postnuclear supernatant (PNS) fraction from donor cells expressing a luminal ER marker (Luciferase-KDEL) and a v-SNA RE (3x-FLAG-Sec22b), the latter of which is localized on the ER-derived vesicles. The efficiency of recruitment of ER-derived vesicles to the PM was determined by measuring luciferase activity or the association of 3x-FLAG-Sec22b with Stx3. A graphic image of this assay is represented in Fig. S1 A. If a tether implicated in this reaction is eliminated, recruitment of vesicles containing Luciferase-KDEL and 3x-FLAG-Sec22b to the PM is significantly blocked ( Fig. S1 A, perturbation of step III). To examine whether the function of the exocyst is required for this tethering reaction, we performed siRNA-mediated silencing of several subunits of the exocyst (Fig. S1 , B and C). Because Legionella subverts the early secretory pathway, we also analyzed the effect of silencing of tethers that are involved in the early secretory pathway such as p115, GM130, Giantin, Bet3, Bet5, Trs120, and Trs130 (Fig. S1 , B and C).
Silencing of host tethers in the acceptor cells did not significantly affect the DrrA-Rab1-mediated vesicle recruitment ( Fig. 1 A) . In contrast, when host tethers in the donor cells were silenced before the recruitment assay, a strong defect in tethering of ER-derived vesicles with the PM was observed in cells silenced for Sec5 or Sec15, both of which are components of the exocyst (Orlando and Guo, 2009;  Fig. 1 B) . Moderate suppression of ER-derived vesicle recruitment to the PM was also detected in cells silenced for Exo70, Sec3, or Sec10 (other subunits of the exocyst; Fig. 1 B) . Silencing of host tethers in the acceptor cells in addition to the donor cells did not have an additive effect ( Fig. 1 C) . It should be noted that silencing of components of the TRA PP complex (Bet3, Bet5, Trs120, and Trs130; Sacher et al., 2008) , which is the GEF for the host Rab1, or large coiled-coil tethers that participate in tethering between ER-derived vesicles and ERG IC/Golgi with Rab1 (p115, GM130, and Giantin; Goud and Gleeson, 2010) had little, if any, effect on the tethering reaction.
Previous data demonstrated that Legionella promotes formation of a noncanonical SNA RE complex consisting of the v-SNA RE Sec22b on ER-derived vesicles and t-SNA REs that consist of PM-localized syntaxins (Stx2, 3, or 4) and SNAP23 on the LCV membrane (Arasaki and Roy, 2010) . Because in vitro studies have shown that DrrA-mediated activation of Rab1 is sufficient to promote formation of this SNA RE complex (Arasaki et al., 2012) , we investigated whether Sec5 and Sec15 are required to promote DrrA-mediated SNA RE assembly by evaluating functional association of Sec22b with a complex containing Stx3. We first confirmed that the genes encoding components of the exocyst including Sec3, Sec5, Sec15, and Exo70 or other tethering proteins were silenced by individual siRNAs (Fig. S1 , B and C), and silencing these genes did not affect protein transport from the ER to Golgi (Fig. S1 D) . Next, acceptor cells expressing GFP-Stx3 and GFP-DrrA 61-647 , the latter of which is a nontoxic DrrA derivative that lacks the N-terminal region of Rab1 AMPylation domain but retains the GEF and PI4P-binding domains (Murata et al., 2006; Müller et al., 2010) , were silenced for Sec3, Sec5, Sec15, or Exo70, permeabilized, and incubated with a PNS fraction containing ER-derived vesicles from 3x-FLAG-Sec22b-expressing donor cells in which Sec3, Sec5, Sec15, or Exo70 was silenced. The formation of a functional SNA RE complex was determined using immunoprecipitation to evaluate the association of 3x-FLAG-Sec22b on the ER-derived vesicles from the donor cells with GFP-Stx3 in the acceptor cells. The association of GFP-Stx3 with 3x-FLAG-Sec22b was markedly decreased when either Sec5 or Sec15 was silenced ( Fig. 1 D) .
Several exocyst components are associated with Stx3 and DrrA
A previous study revealed that Sec6 and Sec8 interact with the neuronal PM-localized t-SNA RE, Stx1 (Hsu et al., 1996) . Having established that the binding between Stx3 and Sec22b is dependent on Sec5 and Sec15 in the recruitment assay ( Fig. 1 D) , we investigated whether Stx3 is contained in a complex with these exocyst components. Coexpression experiments revealed that Sec15 as well as Sec5 specifically interact with Stx3 and not with other PM-localized syntaxins, such as Stx2 and Stx 4 ( Fig. 2 A) . Because DrrA has been shown to form a complex with Stx3 (Arasaki et al., 2012) , DrrA might also be a component of a complex containing Sec15 and Stx3. This was tested using a truncated DrrA construct (GFP-DrrA 61-647 ) protein and using the truncated GFP-DrrA 451-647 protein that contains the C-terminal PI4P-binding determinant that is sufficient for interaction with Stx3 but is deficient in both AMPylation and Rab1 GEF activity (Arasaki et al., 2012) . These GFP-DrrA fusion proteins were produced ectopically in host cells along with 3x-FLAG-Exo70 or Sec15. 3x-FLAG-Sec15 was coprecipitated with the GEF domaincontaining GFP-DrrA 61-647 protein, but much less with the GEF domain-deficient GFP-DrrA 451-647 protein (Fig. 2 B) , whereas neither of these truncated DrrA proteins coprecipitated with 3x-FLAG-Exo70. The GFP-DrrA 61-647 protein also did not coimmunoprecipitate with the Golgi tethering protein p115 or with an ERG IC/Golgi tether Bet3 ( Fig. S2 A) , which are both recruited to membranes by active Rab1. Furthermore, other Legionella effector proteins (Lpg2603 and Lpg1101) having a PI4P-binding domain that is closely related to the PI4P-binding domain in DrrA (Hubber et al., 2014) did not coprecipitate with 3x-FLAG-Sec15 ( Fig. S2 B) .
We next determined the specificity of the interaction of DrrA 61-647 with components of the exocyst. GFP-DrrA 61-647 also coprecipitated with 3x-FLAG-Sec5 and Sec6 but scarcely with 3x-FLAG-Sec3 or Sec10 (Fig. 2 C) . Importantly, a small but significant amount of endogenous DrrA protein translocated into host cells during infection by Legionella was detected in association with 3x-FLAG-Sec15 (Fig. 2 D) . These results suggest that some , or both acceptor and donor (C) cells were transfected with or without siRNA targeting the indicated proteins. 48 h after transfection, donor cells were transfected with a plasmid encoding Luciferase-KDEL and incubated for 24 h. An ER-derived vesicle recruitment assay using semi-intact cells and recombinant His 6 -DrrA was conducted as described previously (Arasaki et al., 2012) . Values are the mean ± SD (n = 3). *P < 0.05 and **P < 0.01 compared with no-siRNA. (D) HEK293-FcγRII cells (acceptor) and 3x-FLAG-Sec22b-expressing HEK293-FcγRII cells (donor) were transfected with siRNA targeting the indicated proteins. 48 h after transfection, acceptor cells were additionally transfected with plasmids encoding GFP-DrrA 61-647 and GFP-Stx3 and incubated for 24 h, and then the cells were permeabilized. The permeabilized cells were incubated with vesicles containing 3x-FLAG-Sec22b prepared from the donor cells, and protein complexes were precipitated using anti-FLAG M2 agarose. The precipitated proteins were analyzed by Western blotting using antibodies against GFP and FLAG. Values below the GFP strip represent the average of the GFP/FLAG intensity ratio (n = 3) normalized to that in no-siRNA. IP, immunoprecipitation; KD, knockdown.
but not all components of the exocyst are members of a complex containing DrrA-Rab1-Stx3 on the LCV.
Sec15 is used for LCV remodeling and Legionella intracellular replication Because Sec15 and Sec5 are required for the DrrA-directed tethering of the ER-derived vesicles to the PM (Fig. 1) , DrrA-mediated activation of Rab1 on the LCV might subvert these exocyst components to promote the tethering and fusion of ER-derived vesicles with a PM-derived organelle. Given that Sec15 is an effector of Rab11 that promotes fusion of secretory vesicles with the PM in the exocytic transport pathway (Zhang et al., 2004) , it is tempting to speculate that Sec15 is an effector of Rab1, which is activated by DrrA on the PM. This idea was tested by immuno-precipitation showing that Sec15 coprecipitated with Rab1 upon expression of GEF domain-containing DrrA 61-647 , but not GEF domain-deficient DrrA 451-647 ( Fig. 3 A) . Next, we investigated at which stage Sec15 functions in LCV remodeling. We used a Sec15 variant (Sec15 N691A ; mammalian N691 residue corresponds to N659 in Drosophila Sec15) that was reported not to bind to Rab11 (Wu et al., 2005) . As reported previously, the association of GFP-Rab11 with Sec15 N691A was significantly reduced in comparison with wild-type Sec15 (Fig. S2 C) . Importantly, this mutation interfered with the association of GFP-Rab1 and the bacteria-secreted DrrA with Sec15 ( Fig. 3 B) .
We next examined whether the Sec15 N691A variant interfered with the recruitment of ER-derived vesicles to the LCV during Legionella infection. In cells expressing wild-type Sec15, both HEK293-FcγRII cells were cotransfected with plasmids encoding 3x-FLAG, 3x-FLAG-Exo70 or -Sec15, and GFP-DrrA 61-647 or -DrrA 451-647 . 24 h after transfection, cell lysates were prepared and immunoprecipitated. (C) HEK293-FcγRII cells were cotransfected with plasmids encoding GFP-DrrA 61-647 and 3x-FLAG constructs. 24 h after transfection, cell lysates were prepared and immunoprecipitated. (D) HEK293-FcγRII cells were transfected with a plasmid encoding 3x-FLAG-Sec15. 24 h after transfection, cells were infected with wild-type Legionella or ΔdrrA mutant strain for 1 h at MOI 50. After infection, cell lysates were prepared and immunoprecipitated. Figure 3 . Expression of mutant Sec15 inhibits recruitment of Sec22b to the LCV. (A) HEK293-FcγRII cells were cotransfected with plasmids encoding GFP, GFP-DrrA 61-647 or -DrrA 451-647 , and FLAG or FLAG-Rab1A. 24 h after transfection, cell lysates were prepared and immunoprecipitated (IP). (B) HEK293-FcγRII cells were transfected with plasmids encoding 3x-FLAG-Sec15 (wild-type) or -Sec15 N691A and GFP-Rab1. 24 h after transfection, cells were infected with wild-type Legionella for 1 h at MOI 50. After infection, cell lysates were prepared and immunoprecipitated. (C) HEK293-FcγRII cells were cotransfected with 3x-FLAG-Sec15 (wild-type) or -Sec15 N691A and RFP-Rab1 or -Sec22b. 24 h after transfection, cells were infected with wild-type Legionella for 1 h at MOI 5, fixed, and stained with antibodies against FLAG and Legionella. Localization of RFP-Rab1 and RFP-Sec22b was assessed for the vacuoles containing wild-type Legionella. Values are the mean ± SD (n = 3, 50 vacuoles in each experiment). n.s., not significant. *P < 0.05 compared with wild-type. Bar, 10 µm.
Rab1 and Sec22b were localized to the LCV (Fig. 3 C, top and third rows). By contrast, in cells expressing the Sec15 N691A variant, there was a defect in Sec22b recruitment to the LCV, although Rab1 recruitment was largely unaffected (Fig. 3 C, second and bottom rows), suggesting that Sec15 function is important for recruitment of ER-derived vesicles, but not Rab1, to the LCV.
Gene silencing experiments were conducted to further examine the requirement of exocyst components for recruitment of Sec22b to the LCV. First, we confirmed that the silencing of a set of exocyst subunits did not affect the uptake of Legionella (Fig.  S1 E) . Silencing of Sec5 or Sec15 dramatically reduced the localization of Sec22b to the LCV, with only a minor effect on Rab1 localization (Fig. 4 A) . Because recruitment of ER-derived vesicles to the LCV leads to formation of a functional SNA RE complex containing Stx3 and Sec22b, we used coimmunoprecipitation to assess whether these exocyst components are needed for SNA RE assembly. The levels of Stx3 that coprecipitated with 3x-FLAG-Sec22b were significantly reduced in Legionella-infected cells in which Sec5 or Sec15 had been silenced (Fig. 4 B) . By contrast, depletion of Exo70 or Sec3 did not affect the complex formation between Stx3 and Sec22b during infection. Furthermore, the association of the LCV with the ER was suppressed in cells silenced for Sec5 or Sec15 but not Exo70 or Sec3 (Fig. S2 D) , suggesting that Sec5 and Sec15 play a key role in remodeling and subsequent ER association of LCV. Additionally, Legionella intracellular replication was inhibited in cells silenced for Sec5 or Sec15 but not Exo70 or Sec3 (Fig. 4 C) .
Redistribution of Sec15 to the LCV is dependent on DrrAmediated Rab1 activation Finally, because Rab proteins play a critical role in the recruitment of tethering proteins to the target membrane, we asked whether activation of Rab1 by DrrA is required for the recruitment of Sec15 to the LCV. To address this, we examined the colocalization of Sec15 and DrrA 61-647 . As shown in Fig. 5 A, wild-type Sec15 (top row) but not N691A mutant (middle row) significantly colocalized with the foci of DrrA 61-647 , whereas noncolocalization of wild-type Sec15 with the foci of DrrA 451-647 was observed (bottom row). Furthermore, infection experiments demonstrated that a significant amount of Sec15 was present around the vacuoles containing wild-type ( Fig. 5 B, top two rows) but not the isogenic ΔdrrA strain of Legionella (bottom two rows). Consistent with the interaction analysis (Fig. 2 C) , Sec5 and Sec6, but not Exo70, Sec3, or Sec10, were recruited to the LCV (Fig. S2 E) . Of note, Rab1 activation is required for the LCV distribution of Sec15 because a significant amount of Sec15 was detected on the LCV decorated with wild-type Rab1 (Fig. 5 C, top and second rows) , but not dominant negative N121I mutant ( Fig. 5 C, third and bottom rows) . Rab8A has been implicated in exocyst-mediated tethering on the PM in Dictyostelium discoideum (Essid et al., 2012) . Because it is recruited to the LCV in both Dictyostelium amoebae and macrophages Hoffmann et al., 2014) and is a substrate of Rab1-GAP Legionella effector LepB (Mihai Gazdag et al., 2013) , we examined whether Rab8A and also Rab11, a canonical regulator for Sec15, are involved in DrrA-mediated tethering. As shown in Fig. S3 A, Rab1A , but neither Rab8A nor Rab11, immunoprecipitated with GFP-DrrA 61-647 . Also, neither Rab8A nor Rab11 was colocalized with GFP-DrrA 61-647 foci (Fig. S3 B) . Moreover, silencing of Rab1A, but not Rab8A or Rab11, suppressed the Legionella-facilitated interaction of Sec22b with Stx3 (Fig. S3, C and D) and the redistribution of Sec15 to the GFP-DrrA 61-647 foci (Fig. S3  E) , implying that the DrrA-Rab1 complex specifically participates in the interaction of exocyst components with the LCV.
In this work, we reveal that the components of the exocyst containing Sec5, Sec6, and Sec15 play a critical role not only in tethering between ER-derived vesicles and LCV but also in the intracellular replication of Legionella. We demonstrate that DrrA-mediated activation of Rab1 promotes the assembly of a complex on the PM-derived LCV that includes components of the exocyst and that these exocyst components then provide an important tethering function that mediates the recruitment of ER-derived vesicles to the LCV.
Intriguingly, Legionella appears not to use the entire exocyst but requires limited components of the exocyst that include Sec5, Sec6, and Sec15 to facilitate the remodeling of LCV. This implies that these components play distinct roles in regulating membrane transport processes. Consistent with this hypothesis, it was shown previously that exocyst components containing Sec5, Sec6, and Sec15 mediate the trafficking of E-cadherin from recycling endosomes to the PM in Drosophila (Langevin et al., 2005) . Furthermore, previous work demonstrated that subcomplexes of exocyst including a Sec5-containing subcomplex and an Exo84-containing subcomplex function to suppress and induce autophagy, respectively (Bodemann et al., 2011) . Of note is that DrrA binds Sec5, 6, and 15 (Fig. 2 C) , all of which are recruited to the LCV (Figs. 5 and S2 E). Therefore, each subunit, not as a subcomplex, may be recruited to the LCV through binding to DrrA.
Previous studies have shown that DrrA-mediated activation of Rab1 is sufficient to promote fusion of ER-derived vesicles with a PM-derived LCV (Arasaki et al., 2012) ; however, Legionella mutants that lack DrrA are still able to promote remodeling of the LCV by ER-derived vesicles by a process that is dependent on Sec22b (Arasaki et al., 2012) . This implies that other effectors encoded by Legionella are capable of "short-circuiting" this pathway by subverting downstream host components important for Sec22b-mediated fusion of ER-derived vesicles with the PM. Our infection studies indicate that Sec5, Sec6, and Sec15 are important for the processes of remodeling of the LCV by Sec22b-positive, ER-derived vesicles, which means that Legionella has likely evolved multiple mechanisms to subvert the tethering functions of the exocyst components to promote the fusion of ER-derived vesicles with the LCV. A likely possibility is that among the hundreds of Legionella effectors of unknown function there is an effector capable of directly recruiting the exocyst components to the LCV to promote vacuole remodeling. Thus, the exocyst represents a host factor that is critical for successful host infection by Legionella, which could be a target for subversion by a Legionella effector of unknown function.
Materials and methods
Cell culture, siRNA, transfection, RT-PCR, and bacterial strain Maintenance of HEK293-FcγRII and HEK293-FcγRII 3x-FLAG-Sec22b cells was described previously (Arasaki and Roy, 2010) .
RNA duplexes targeting Exo70, Sec3, Sec5, Sec10, Sec15, p115, GM130, Giantin, Bet3, Bet5, Trs120, and Trs130 were purchased from Dharmacon as siRNAplusSmart Pools. siRNA oligonucle-otides against Rab8A (5′-GAC AAG UUU CCA AGG AACG-3′) and Rab11 (5′-GAG CUU UUG CAG AAA AGAA-3′ and 5′-CUU GGA UUC CAC UAA CGUA-3′) were purchased from Japan Bio Services. HEK293-FcγRII cells were transfected with or without siRNA targeting the indicated proteins. 48 h after transfection, cells were additionally transfected with RFP-Rab1 or RFP-Sec22b for 24 h. After transfection, cells were infected with wild-type Legionella for 1 h at MOI 5, and then localization of RFP-Rab1 and RFP-Sec22b was assessed for vacuoles containing wild-type Legionella. Values are the mean ± SD (n = 3, 100 vacuoles in each experiment). **P < 0.01 and ***P < 0.001 compared with no-siRNA. (B) 3x-FLAG-Sec22bexpressing HEK293-FcγRII cells were transfected with or without siRNA targeting indicated proteins. 72 h after transfection, cells were infected with wild-type Legionella for 1 h at MOI 50. After infection, cell lysates were prepared and immunoprecipitated (IP). Values below the GFP strip represent the average of the Stx3/FLAG intensity ratio (n = 3) normalized to that in no-siRNA. (C) HEK293-FcγRII cells were transfected with or without siRNA targeting the indicated proteins. 72 h after transfection, cells were infected with wild-type Legionella for 10 h at MOI 5. Intracellular replication of Legionella was assessed by counting bacteria residing in a single vacuole in the infected cells. The data are represented as the percentage of vacuoles containing 1 bacterium (white bars), 2-5 bacteria (light gray bars), 6-10 bacteria (dark gray bars), or >11 bacteria (black bars). Values are the mean ± SD (n = 3, 100 vacuoles in each experiment). **P < 0.01 compared with no-siRNA. HeLa-FcγRII cells were transfected with 3x-FLAG-Sec15. 24 h after transfection, cells were infected with wild-type Legionella or ΔdrrA mutant strain for 1 h at MOI 10 and fixed, and extracellular Legionella were stained. After staining, cells were permeabilized and stained with an antibody against FLAG. Intracellular Legionella were detected by Hoechst 33342. Bar, 1 µm. Values are the mean ± SD (n = 3, 100 vacuoles in each experiment). *P < 0.05 compared with ΔdrrA. (C) HeLa-FcγRII cells were cotransfected with GFP-Sec15 and FLAG-Rab1 wild-type or -Rab1 N121I . 24 h after transfection, cells were infected with wild-type Legionella for 1 h at MOI 10, fixed, and stained with an antibody against FLAG. Legionella were detected by Hoechst 33342. Bar, 2 µm. Values are the mean ± SD (n = 3, 100 vacuoles positive for Rab1 in each experiment). **P < 0.01 compared with Rab1 N121I .
Transfection of plasmid DNA or siRNA was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendation. For RT-PCR, RNA was prepared using an RNeasy Mini Kit (Qiagen), and cDNA was synthesized with the SuperScript III reverse transcription (Invitrogen) primed by oligo(dT)15. Each cDNA was amplified by PCR with the following primers: β-actin, 5′-GGA CTT CGA GCA AGA GAT GG-3′ and 5′-AGC ACT GTG TTG GCG TAC AG-3′; Sec10, 5′-CAC CAA TCT TTC CAG CAA GC-3′ and 5′-GCA AGT CCT GTT TCC AAA GC-3′; p115, 5′-TGC TTT TGA AAA TGC TTT CG-3′ and 5′-ACT ACA ATT GCC GGT CTT GG-3′; GM130, 5′-CAG CAG AAT CAG CAG CTA CG-3′ and 5′-CTC TCC AGA AAG CTG GAT GC-3′; Giantin, 5′-GTG GAA AGC CAA GTT TCT GC-3′ and 5′-CCA TTT CTT GCT CAG CTT CC-3′; Bet3, 5′-CTG AGC TCT TCA CCC TGA CC-3′ and 5′-ATC CGG ATT TCT GTC ACA CC-3′; Bet5, 5′-TAC CTG TTT GAC CGG AAT GG-3′ and 5′-GGA GAA GAA GGG CAG AGA GC-3′; Trs120, 5′-AAT TCA GAA ACG GAG CAT GG-3′ and 5′-CCT GAT CCG ACA AGA AGT CC-3′; and Trs130, 5′-CAG CCT CTT AGC CAG TGA CC-3′ and 5′-AAT CCC AGT CGT GTT CAA GG-3′. Growth of Legionella strains Lp01, the dotA mutant strain CR58, and the ΔdrrA mutant was described previously (Murata et al., 2006) .
Antibodies
Rabbit polyclonal antibodies to GFP were purchased from Invitrogen (A-6455). The following antibodies were purchased from Sigma-Aldrich: mouse monoclonal FLAG (F3156), rabbit polyclonal FLAG (F7425), and α-tubulin (T6074). The following antibodies were purchased from Abcam: Sec3 (ab118798), Sec5 (ab64166), Sec15 (ab105075), Exo70 (ab95981), and Stx3 (ab86669). Mouse monoclonal antibodies to Calnexin (610523) and Rab11 (610656) were purchased from BD Bioscience. Mouse monoclonal antibody to Rab8A was purchased from Proteintech (55296-1-AP). Rabbit and mouse polyclonal antibodies to Legionella and rabbit polyclonal antibody to DrrA were prepared in this laboratory (Murata et al., 2006; Arasaki and Roy, 2010) .
Preparation of permeabilized cells and PNS fractions
HEK293-FcγRII cells were grown on poly-l-lysine (MW 75,000-150,000; Sigma-Aldrich)-coated tissue culture plates. Cells were washed with permeabilization buffer (125 mM KOAc, 2.5 mM Mg(OAc) 2 , 25 mM Hepes-KOH, pH 7.2, 1 mg/ml glucose, and 1 mM DTT) and treated with 30 µg/ml digitonin in permeabilization buffer for 5 min at room temperature. After treatment, permeabilized cells were washed with permeabilization buffer. To prepare PNS fractions, cells were resuspended in homogenization buffer (125 mM KOAc, 2.5 mM Mg(OAc) 2 , 25 mM Hepes-KOH, pH 7.2, 250 mM sucrose, 1 mM DTT, and protease inhibitors) and disrupted using a ball bearing homogenizer. Homogenized cells were centrifuged at 1,000 g for 5 min to remove unbroken cells and cell debris, and the resulting supernatant was used as the PNS fraction.
Luciferase-KDEL recruitment assay HEK293-FcγRII cells grown on poly-l-lysine-coated 24-well plates (10 5 cells/well) were permeabilized as described previously (Arasaki et al., 2012) . Permeabilized cells were incubated with or without 3 µg purified His-DrrA for 1 h at room temperature. Cells were washed, and 100 µl of a PNS fraction from HEK293-FcγRII cells was added with GTP at 0.5 mM final concentration. Cells were incubated for 1 h at room temperature and then washed extensively. To assay tethering, 100 µl lysis buffer (100 mM NaCl, 1 mM MgCl 2 , 20 mM Hepes-KOH, pH 7.2, 1% Triton X-100, and protease inhibitors) was added to the cells to liberate Luciferase-KDEL from vesicles, and activity was measured using a Luciferase assay kit (New England Biolabs).
Infection, immunoprecipitation, and immunofluorescence analysis Infection of HEK293-FcγRII cells with Legionella and generation of cell lysates for immunoprecipitation studies were conducted as described previously (Arasaki and Roy, 2010) . For immunoprecipitation studies, lysates were incubated with anti-FLAG M2 agarose (Sigma-Aldrich) for 1 h at 4°C. After incubation, beads were washed extensively, and 3x-FLAG fusion proteins were eluted using 3x-FLAG peptide (Sigma-Aldrich; final concentration of 100 µg/ml). For immunofluorescence microscopy, cells were fixed with 4% PFA for 20 min at room temperature and permeabilized with 0.2% Triton X-100 for 15 min at room temperature. In the Legionella infection experiments, extracellular bacteria were detected using rabbit or mouse anti-Legionella antibodies and stained. After staining, cells were permeabilized and further stained for host proteins and intracellular bacteria.
Quantification and statistics
The results from each experiment were averaged and expressed as the mean with SD and analyzed by a paired Student's t test. In the Luciferase-KDEL recruitment assay, 10 5 cells were analyzed. The recruitment of Rab1 or Sec22b to the LCV in wild-type or mutant Sec15-expressing cells was measured three times. The recruitment of Rab1 or Sec22b to the LCV in cells with silenced tethering factors and the number of Legionella in replicative vacuoles were measured three times. The recruitment of 3x-FLAG-Sec15 to the vacuole containing wild-type or ΔdrrA mutant Legionella was measured three times. The recruitment of GFP-Sec15 to the LCV decorated by FLAG-Rab1 wild-type or FLAG-Rab1 N121I was measured three times.
Online supplemental material Fig. S1 shows a scheme of the semi-intact assay and siRNA efficiency. Fig. S2 shows the specificity of the Sec15-DrrA interaction and of the exocyst components in LCV recruitment as well as LCV-ER association. Fig. S3 shows that the DrrA-Rab1 complex specifically facilitates exocyst-dependent tethering.
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